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を記した「遺伝子 (gene)」の総体 (-ome) を意味し、生命の設計図に相当する。ヒトゲノム




























ロテインキナーゼ (以下、キナーゼ) と呼ばれ、ヒトにおいては 518ものキナーゼがリン酸
化反応を制御することが予測されている 10。真核細胞では、タンパク質のセリン (S)、トレ































































































およそ 209,000 事例のリン酸化部位情報を含有する公共データベースの PhosphoSitePlus で
も、対応するキナーゼが判明している事例はわずか 6.6% (13,751部位) である。そこで、キ
ナーゼの配列選択性に関するより詳細な情報を取得するためには、より大規模な基質プロ
ファイリングを行う必要があると考えた。 
































築した。cAMP依存性 Aキナーゼ (PKA)、細胞外シグナル調節キナーゼ 1 (ERK1)、および、























は多く、初期の報告としては Huangらがラットの子宮を用いた実験をおこない、PKAの in 
vitro リン酸化ペプチドを 61 種報告している 40。続いて、Douglas らが類似した手法を用い






















































































い濃度では CAM キナーゼ II やカゼインキナーゼ 1、ミオシン軽鎖キナーゼ、PKC、II 型
Rho キナーゼに対しても阻害効果を示す 55。また、PKA の活性化薬として知られているフ
ォルスコリン (Fsk) は、アデニル酸シクラーゼを活性化させることで cAMP の細胞内濃度
 15



























プチドは一定の質量電荷比の差をもって質量分析計で検出される。例えば H (heavy) 標識し
た細胞に阻害薬を添加し、L (light) 標識した細胞をコントロールとした場合、ピークの面積






第三節 In vitro基質部位による PKA標的基質の選別 
薬剤刺激による in vivoリン酸化プロテオームから、信頼性の高い PKA直接基質を選別する






この内、上流キナーゼが PKAであると既に in vivo実験を用いて推定されている







第四節 モチーフ配列による PKA標的基質の選別 
選択性の高いモチーフ配列トップ 5 位の配列を用いて、PKA の基質候補を特定した。リン
酸化部位のうち、モチーフ配列に該当し、かつ、定量値に変動があったリン酸化部位は全
















11カ所は PKAの in vitro基質として同定されていた。以上の結果をまとめると、本手法に
よって、5カ所の既知リン酸化部位を含む、22のリン酸化部位が PKAの直接基質として同
定された。この PKAの in vivo既知基質を多く含んだ選別結果は、in vitroの基質認識要素が、
in vivo基質の探索に効果的であることを裏付けている。一方で、偽陽性と偽陰性はトレード
オフの関係にある。本手法で選別した基質候補の偽陽性の低減を主眼としており、今回の
直接基質選別で同定できなかったリン酸化部位に PKAの in vivo基質が含まれている可能性
は十分にある。 








































[1] Phosphoproteomic profile of kinase substrates by nanoLC-MS/MS  




[2] Towards uncovering intracellular signaling based on kinase/substrate profile  




[3] Towards the systematic discovery of signal transduction networks using phosphorylation 
dynamics data 
Haruna Imamura, Nozomu Yachie, Rintaro Saito, Yasushi Ishihama, Masaru Tomita 
平成 22年 5月発行 BMC Bioinformatics 第 11巻 232 
 
[4] Analytical strategies for shotgun phosphoproteomics: Status and prospects 
Haruna Imamura, Masaki Wakabayashi, Yasushi Ishihama 
平成 24年 10月発行 Seminars in Cell & Developmental Biology 第 23巻 8号 836-842頁 
 
[5] Temporal Profiling of Lapatinib-suppressed Phosphorylation Signals in EGFR/HER2 Pathways 
Koshi Imami, Naoyuki Sugiyama, Haruna Imamura, Masaki Wakabayashi, Masaru Tomita, 
Masatoshi Taniguchi, Takayuki Ueno, Masakazu Toi, Yasushi Ishihama 













ノロジー株式会社 ライフサイエンス・化学分析本部 京野完博士、ハーバード大学 血液学
部門 ブリガム・アンド・ウィメンズ病院 増田豪博士、ブリティッシュコロンビア大学 ハ
イスループットバイオロジーセンター 今見考志博士、カルフォルニア大学 サンフランシ










1. Krüger, M. et al. Dissection of the insulin signaling pathway via quantitative 
phosphoproteomics. Proc Natl Acad Sci USA 105, 2451–2456 (2008). 
2. Lundberg, E. et al. Defining the transcriptome and proteome in three functionally different 
human cell lines. Mol Syst Biol 6, 450 (2010). 
3. Wasinger, V. C. et al. Progress with gene-product mapping of the Mollicutes: Mycoplasma 
genitalium. Electrophoresis 16, 1090–1094 (1995). 
4. Aebersold, R. & Mann, M. Mass spectrometry-based proteomics. Nature 422, 198–207 
(2003). 
5. Ang, X. L. & Wade Harper, J. SCF-mediated protein degradation and cell cycle control. 
Oncogene 24, 2860–2870 (2005). 
6. Cohen, P. The regulation of protein function by multisite phosphorylation--a 25 year update. 
Trends Biochem Sci 25, 596–601 (2000). 
7. Schlessinger, J. & Lemmon, M. A. SH2 and PTB domains in tyrosine kinase signaling. Sci 
STKE 2003, RE12 (2003). 
8. Pawson, T. & Scott, J. D. Protein phosphorylation in signaling--50 years and counting. 
Trends Biochem Sci 30, 286–290 (2005). 
9. Beltrao, P., Bork, P., Krogan, N. J. & van Noort, V. Evolution and functional cross-talk of 
protein post-translational modifications. Mol Syst Biol 9, 714 (2013). 
10. Manning, G., Plowman, G. D., Hunter, T. & Sudarsanam, S. Evolution of protein kinase 
signaling from yeast to man. Trends Biochem Sci 27, 514–520 (2002). 
11. Imamura, H., Wakabayashi, M. & Ishihama, Y. Analytical strategies for shotgun 
phosphoproteomics: Status and prospects. Semin Cell Dev Biol (2012). 
doi:10.1016/j.semcdb.2012.05.007 
12. Gomase, V. S., Kale, K. V., Tagore, S. & Hatture, S. R. Proteomics: technologies for protein 
analysis. Curr Drug Metab 9, 213–220 (2008). 
 23
13. Olsen, J. V. & Mann, M. Status of Large-scale Analysis of Post-translational Modifications 
by Mass Spectrometry. Mol Cell Proteomics 12, 3444–3452 (2013). 
14. Choudhary, C. & Mann, M. Decoding signalling networks by mass spectrometry-based 
proteomics. Nat Rev Mol Cell Biol 11, 427–439 (2010). 
15. Chi, A. et al. Analysis of phosphorylation sites on proteins from Saccharomyces cerevisiae 
by electron transfer dissociation (ETD) mass spectrometry. Proc Natl Acad Sci USA 104, 
2193–2198 (2007). 
16. Hilger, M., Bonaldi, T., Gnad, F. & Mann, M. Systems-wide analysis of a phosphatase 
knock-down by quantitative proteomics and phosphoproteomics. Mol Cell Proteomics 8, 
1908–1920 (2009). 
17. Olsen, J. V. et al. Quantitative Phosphoproteomics Reveals Widespread Full Phosphorylation 
Site Occupancy During Mitosis. Science signaling 3, ra3 (2010). 
18. Ravichandran, A., Sugiyama, N., Tomita, M., Swarup, S. & Ishihama, Y. Ser/Thr/Tyr 
phosphoproteome analysis of pathogenic and non-pathogenic Pseudomonas species. 
Proteomics 9, 2764–2775 (2009). 
19. Sugiyama, N. et al. Large-scale phosphorylation mapping reveals the extent of tyrosine 
phosphorylation in Arabidopsis. Mol Syst Biol 4, 193 (2008). 
20. Villén, J., Beausoleil, S. A., Gerber, S. A. & Gygi, S. P. Large-scale phosphorylation 
analysis of mouse liver. Proc Natl Acad Sci USA 104, 1488–1493 (2007). 
21. Diella, F., Gould, C. M., Chica, C., Via, A. & Gibson, T. J. Phospho.ELM: a database of 
phosphorylation sites--update 2008. Nucleic Acids Res 36, D240–4 (2008). 
22. Gnad, F. et al. PHOSIDA (phosphorylation site database): management, structural and 
evolutionary investigation, and prediction of phosphosites. Genome Biol 8, R250 (2007). 
23. Hornbeck, P. V. et al. PhosphoSitePlus: a comprehensive resource for investigating the 
structure and function of experimentally determined post-translational modifications in man 
and mouse. Nucleic Acids Res 40, D261–70 (2012). 
24. Imai, K. & Yau, S. L. F. Quantitative Proteome Analysis. (CRC Press, 2013). 
 24
25. Casado, P. et al. Kinase-Substrate Enrichment Analysis Provides Insights into the 
Heterogeneity of Signaling Pathway Activation in Leukemia Cells. Science signaling 6, rs6 
(2013). 
26. Ubersax, J. A. & Ferrell, J. E. Mechanisms of specificity in protein phosphorylation. Nat Rev 
Mol Cell Biol 8, 530–541 (2007). 
27. Pearson, R. B. & Kemp, B. E. Protein kinase phosphorylation site sequences and consensus 
specificity motifs: tabulations. Meth Enzymol 200, 62–81 (1991). 
28. Pinna, L. A. & Ruzzene, M. How do protein kinases recognize their substrates? Biochim 
Biophys Acta 1314, 191–225 (1996). 
29. Amanchy, R. et al. A curated compendium of phosphorylation motifs. Nat Biotechnol 25, 
285–286 (2007). 
30. Miller, M. L. et al. Linear Motif Atlas for Phosphorylation-Dependent Signaling. Science 
signaling 1, ra2 (2008). 
31. Sudhir, P.-R. et al. Phosphoproteomics identifies oncogenic Ras signaling targets and their 
involvement in lung adenocarcinomas. PLoS ONE 6, e20199 (2011). 
32. Trost, B. & Kusalik, A. Computational prediction of eukaryotic phosphorylation sites. 
Bioinformatics 27, 2927–2935 (2011). 
33. Songyang, Z. et al. Use of an oriented peptide library to determine the optimal substrates of 
protein kinases. Curr Biol 4, 973–982 (1994). 
34. Hutti, J. E. et al. A rapid method for determining protein kinase phosphorylation specificity. 
Nat Methods 1, 27–29 (2004). 
35. Mok, J. et al. Deciphering Protein Kinase Specificity Through Large-Scale Analysis of Yeast 
Phosphorylation Site Motifs. Science signaling 3, ra12 (2010). 
36. Inamori, K. et al. Detection and quantification of on-chip phosphorylated peptides by surface 
plasmon resonance imaging techniques using a phosphate capture molecule. Anal Chem 77, 
3979–3985 (2005). 
37. Inamori, K. et al. Optimal surface chemistry for peptide immobilization in on-chip 
phosphorylation analysis. Anal Chem 80, 643–650 (2008). 
 25
38. Mok, J., Im, H. & Snyder, M. Global identification of protein kinase substrates by protein 
microarray analysis. Nat Protoc 4, 1820–1827 (2009). 
39. Newman, R. H. et al. Construction of human activity-based phosphorylation networks. Mol 
Syst Biol 9, 655 (2013). 
40. Huang, S.-Y., Tsai, M.-L., Chen, G.-Y., Wu, C.-J. & Chen, S.-H. A systematic MS-based 
approach for identifying in vitro substrates of PKA and PKG in rat uteri. J Proteome Res 6, 
2674–2684 (2007). 
41. Douglass, J. et al. Identifying protein kinase target preferences using mass spectrometry. Am 
J Physiol, Cell Physiol 303, C715–27 (2012). 
42. Xue, L. et al. Sensitive kinase assay linked with phosphoproteomics for identifying direct 
kinase substrates. 109, 5615–5620 (2012). 
43. Xue, L., Geahlen, R. L. & Tao, W. A. Identification of Direct Tyrosine Kinase Substrates 
Based on Protein Kinase Assay-Linked Phosphoproteomics. Mol Cell Proteomics (2013). 
doi:10.1074/mcp.O113.027722 
44. Knight, J. D. et al. A novel whole-cell lysate kinase assay identifies substrates of the p38 
MAPK in differentiating myoblasts. Skeletal Muscle 2, 5 (2012). 
45. Kettenbach, A. N. et al. Rapid Determination of Multiple Linear Kinase Substrate Motifs by 
Mass Spectrometry. Chem Biol 19, 608–618 (2012). 
46. Hennrich, M. L. et al. Universal Quantitative Kinase Assay Based on Diagonal SCX 
Chromatography and Stable Isotope Dimethyl Labeling Provides High-definition Kinase 
Consensus Motifs for PKA and Human Mps1. J Proteome Res 12, 2214–2224 (2013). 
47. Wang, C. et al. Determination of CK2 Specificity and Substrates by Proteome-Derived 
Peptide Libraries. J Proteome Res (2013). doi:10.1021/pr4002965 
48. Bian, Y. et al. Global screening of CK2 kinase substrates by an integrated 
phosphoproteomics workflow. Sci. Rep. 3, 3460 (2013). 
49. Sugiyama, N. et al. Phosphopeptide enrichment by aliphatic hydroxy acid-modified metal 
oxide chromatography for nano-LC-MS/MS in proteomics applications. Mol Cell Proteomics 
6, 1103–1109 (2007). 
 26
50. Chou, M. F. et al. Using bacteria to determine protein kinase specificity and predict target 
substrates. PLoS ONE 7, e52747 (2012). 
51. Schwartz, D. & Gygi, S. P. An iterative statistical approach to the identification of protein 
phosphorylation motifs from large-scale data sets. Nat Biotechnol 23, 1391–1398 (2005). 
52. Kosako, H. et al. Phosphoproteomics reveals new ERK MAP kinase targets and links ERK 
to nucleoporin-mediated nuclear transport. Nat Struct Mol Biol 16, 1026–1035 (2009). 
53. Olsen, J. V. et al. Global, In Vivo, and Site-Specific Phosphorylation Dynamics in Signaling 
Networks. Cell 127, 635–648 (2006). 
54. Van Hoof, D. et al. Phosphorylation dynamics during early differentiation of human 
embryonic stem cells. Cell Stem Cell 5, 214–226 (2009). 
55. Chijiwa, T. et al. Inhibition of forskolin-induced neurite outgrowth and protein 
phosphorylation by a newly synthesized selective inhibitor of cyclic AMP-dependent protein 
kinase, N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide (H-89), of PC12D 
pheochromocytoma cells. J Biol Chem 265, 5267–5272 (1990). 
56. de Souza, N. J., Dohadwalla, A. N. & Reden, J. Forskolin: a labdane diterpenoid with 
antihypertensive, positive inotropic, platelet aggregation inhibitory, and adenylate cyclase 
activating properties. Med Res Rev 3, 201–219 (1983). 
57. Andersen, J. N. et al. Pathway-based identification of biomarkers for targeted therapeutics: 
personalized oncology with PI3K pathway inhibitors. Sci Transl Med 2, 43ra55 (2010). 
58. Moritz, A. et al. Akt-RSK-S6 Kinase Signaling Networks Activated by Oncogenic Receptor 
Tyrosine Kinases. Science signaling 3, ra64 (2010). 
59. Courcelles, M. et al. Phosphoproteome dynamics reveal novel ERK1/2 MAP kinase 
substrates with broad spectrum of functions. Mol Syst Biol 9, 669 (2013). 
60. Jay, D., García, E. J. & la Luz Ibarra, de, M. In situ determination of a PKA phosphorylation 
site in the C-terminal region of filamin. Mol Cell Biochem 260, 49–53 (2004). 
 
